Over the last 5 years, new actors involved in the pathogenesis of combined pituitary hormone deficiency in humans have been reported: they included a member of the immunoglobulin superfamily glycoprotein and ciliary G protein-coupled receptors, as well as new transcription factors and signalling molecules. New modes of inheritance for alterations of genes encoding transcription factors have also been described. Finally, actors known to be involved in a very specific phenotype (hypogonadotroph hypogonadism for instance) have been identified in a wider range of phenotypes. These data thus suggest that new mechanisms could explain the low rate of aetiological identification in this heterogeneous group of diseases. Taking into account the fact that several reviews have been published in recent years on classical aetiologies of CPHD such as mutations of POU1F1 or PROP1, we focused the present overview on the data published in the last 5 years, to provide the reader with an updated review on this rapidly evolving field of knowledge.
Introduction
Pituitary development is a complex process requiring the coordinated interplay of specific and non-specific pituitary transcription factors and signalling pathways (Fig. 1) . Anomalies of pituitary development are usually due to mutations of the genes coding for specific or non-specific transcription factors. Since the first report of a POU1F1 mutation in a patient with combined growth hormone (GH) and thyroid-stimulating hormone (TSH) deficiencies, huge progress has been made to try to decipher the pituitary development code. Most non-specialized endocrinologists are now aware of the fact that gene anomalies affecting transcription factors like PIT1, PROP1 or HESX1 may lead to combined pituitary hormone deficiencies. Rather than describing again the whole set of phenotypes induced by classical mutations, we decided to focus on the new findings published on the topic over the last 5 years. An exhaustive PubMed research has been performed with the terms 'hypopituitarism', 'congenital', 'pituitary deficiency', 'GH deficiency''TSH or adrenocorticotropin hormone (ACTH) deficiency', 'gonadotroph deficiency' and 'magnetic resonance imaging (MRI) anomalies'. For space constraints, we excluded all the data that were dealing with isolated pituitary deficiency to focus on studies dealing with combined pituitary hormone deficiency. We also chose not to detail the wellknown phenotypes of patients carrying PROP1, POU1F1, HESX1, or OTX2 mutations, as all of them have previously been reviewed (1) , and the global picture of these phenotypes did not significantly change since then. For each transcription factor/pathway/protein reported, we will first begin with a brief introduction on the potential mechanisms leading to hypopituitarism -when identified -we will then summarize what was known about patient phenotypes before 2010, and finally provide an update on the major findings reported over the last 5 years.
A classical way to illustrate pituitary development is to represent the cascade of signalling and transcription factors in mouse. However such a presentation would be irrelevant for most of the new actors described in this review since the precise timing of their expression is currently unknown. To make comparisons of phenotypes possible, we present in Table 1 the summary of the phenotypes associated to the anomalies described thereafter, showing separately the classical expected phenotype and the changes brought by the literature published over the last 5 years.
Novel mechanisms TSH deficiency, macro-orchidism and IGSF1
IGSF1 gene encodes a glycoprotein of the plasma membrane immunoglobulin superfamily (Immunoglobulin Superfamily Member 1): expression of its mRNA is found in the developing Rathke's pouch, in adult pituitary and in the testes, whereas IGSF1 protein is detected specifically in GH, prolactin (PRL) and TSH-secreting cells. IGSF1 deficiency syndrome has been reported in patients with TSH deficiency and macro-orchidism, in a context of loss of function mutations or deletions of the IGSF1 gene. IGSF1 variants were identified by a wholeexome approach, and then confirmed by classical Sanger sequencing. Eight novel mutations and two deletions were reported in males, suggesting an X-linked disorder (2 Figure 1 Brief overview of pituitary ontogenesis.
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Reviewdifferent families) (3): they all presented with neonatal TSH deficiency as well as per and post-pubertal macroorchidism; 67% of the patients had undetectable PRL levels, and 13% had transient GH deficiency. Even with an increased testicle volume, they all had delayed puberty, with low testosterone level. Finally, despite optimal substitutive treatments, patients were mainly overweight or had a metabolic syndrome at adult age. Eighteen heterozygous females were also evaluated: 33% had TSH deficiency, 11% had undetectable PRL level and none had GH deficiency. The precise mechanisms leading to macro-orchidism or even to pituitary deficiency are up to now still unknown.
Pituitary stalk interruption syndrome and GPR161
G protein coupled receptor 161 (GPR161) is a ciliary G protein-coupled receptor that is expressed widely in the developing embryo including in neural folds, the pituitary and the hypothalamus of mouse and human. The reasons why anomalies of this receptor would lead to hypopituitarism is unknown even if interactions with Reviewglioma-associated oncogene 2 (GLI2), another transcription factor involved in pituitary development, have been described: Gpr161 is indeed a key negative regulator of Sonic hedgehog (Shh) pathway (4), the pituitary target of which is GLI2. This would suggest that gain-of-function mutations of GPR161 could lead to abnormal pituitary development by repressing the Shh pathway, which is crucial for hypothalamic and pituitary development, as detailed later.
Two female siblings with short stature due to GH deficiency, anterior pituitary hypoplasia and ectopic posterior pituitary were recently reported as carrying a homozygous L19Q GPR161 mutation in a heterozygous state. Hypoglycaemia was observed in the first sister, who also presented with diabetes insipidus and TSH deficiency few years after diagnosis. The second sister had isolated GH deficiency, and similar MRI findings. Finally, both sisters also had anatomical anomalies with a short 5th finger, congenital alopecia, and ptosis of the left eye. The variant was first identified by a whole-exome sequencing approach. Its pathogenicity was suggested by its absence in large single-nucleotide polymorphisms (SNP) databases, and a concordant mode of inheritance (both unaffected parents, and unaffected siblings were heterozygous). Unfortunately functional studies did not manage to show any difference with WT GPR161 (5).
Novel transcription factors
The complex phenotype associated with a rare ARNT2 mutation Aryl hydrocarbon receptor nuclear translocator 2 (ARNT2) is a helix-loop-helix transcription factor. Its precise roles during the pituitary and brain development are imperfectly known. In mice, Arnt2 is expressed at high level in the cortex, the hypothalamus and the retina during development. Interestingly, Arnt2 null mice do not display morphological abnormalities but die shortly after birth. In human embryos, the expression profile of this factor is roughly the same. Its involvement in a complex syndrome of combined pituitary hormone deficiency associated with a severe extra-pituitary phenotype was identified through exome sequencing in a large consanguineous Saudi Arabian family. The six children presented shortly after birth central diabetes insipidus and corticotroph deficiency; four had thyrotroph deficiency, two had GH deficiency and one had gonadotroph deficiency with undescended testes. Brain MRI showed pituitary and extra-pituitary anomalies: hypoplastic anterior pituitary and pituitary stalk interruption, hypoplastic frontal and temporal lobes, thin corpus callosum, and brain delay in myelination; a lack of pupil response to light was reported with post-retinal eye anomalies. Finally, all of the children were dysmorphic with a prominent forehead, deep-set eyes, a well-grooved philtrum, and retrognathia. Microcephaly progressively appeared in all patients. All children carried a homozygous c.1373_1374dupTC ARNT2 variant. As expected, both parents were heterozygous. This duplication induces a premature stop codon and nonsense mediated decay mechanisms (6) .
DAVID syndrome and NFKB2
In 2012 we reported the association of pituitary deficiency (mainly ACTH deficiency), while one patient also presented with partial GH and TSH deficiencies and variable immune deficiency (VID) in several patients from three different pedigrees. This association was called DAVID syndrome (7) . VID is a heterogeneous disorder characterized by a decreased concentration of all immunoglobulin isotypes and a predominant T cell disorder: it usually leads to an increased susceptibility to bacterial infections of the respiratory and gastro-intestinal tracts. Several candidate genes had been screened (LIF, Ikaros and Eos) but no evident aetiology could be identified. By doing whole exome sequencing, Chen et al., and then our team, managed to identify NFKB2 mutations as the plausible cause of DAVID syndrome (8, 9) . Nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (NFKB2) is a pleiotropic transcription factor present in almost all cell types but its precise roles remain incompletely understood. Two other groups also reported NFKB2 mutations in patients with similar phenotypes making the involvement of NFKB2 in DAVID syndrome highly likely even if the endocrine phenotype was not systematically studied (10, 11) . However the precise mechanisms whereby this factor may lead to endocrine deficits remain unclear. While Nfkb2 is indeed expressed in the developing and adult pituitary, we found that a mouse model carrying a C-terminal mutation of Nfkb2 (Lym1 mouse) had immune deficiency but no pituitary anomaly (9). This was not in favour of a developmental defect, even if mouse and human models, though close, do not systematically share the same steps of pituitary development. The fact that one patient presented with alopecia could be in favour of an auto-immune defect, which does not explain why corticotroph function appears selectively affected. Interestingly, other patients from our cohort with the same phenotype did not harbour any NFKB2 mutation.
Novel mode of transmission
Lethality of the first homozygous LHX4 mutation
The family of LIM (Lin-11, Isl-1, Mec-3) domain transcription factors has been described several years ago, and mutations of these transcription factors are well identified as being responsible for CPHD. LIM domain transcription factors are involved in the early steps of pituitary development, but they are not pituitary specific, which explains why patients usually do not present with a pure pituitary phenotype. In recent years, a growing number of studies reported new heterozygous mutations, and clearly emphasized the wide range of phenotypes induced by mutations of LIM homeobox 4 (LHX4): for instance two recent studies have shown that patients with LHX4 mutations (W204X and R84X) (12, 13) could present delayed ACTH deficiency, up to the age of 16 years. However, all of these variants were present in a heterozygous state, and it was extrapolated that homozygous LHX4 mutations were likely to be lethal (the murine model of homozygous Lhx4 inactivation leads to an early post-natal death due to respiratory distress).
Very recently, the first report of a homozygous LHX4 mutation was published. The family reported by Gregory et al. (12) carried a novel homozygous missense variant (c.377COT, p.T126M): two children died after 3 weeks of age with severe panhypopituitarism despite optimal replacement therapy; the patients were also carrying mid-facial hypoplasia and lung anomalies. Surprisingly, functional studies, performed in an in vitro heterologous system, did not reveal any difference with WT LHX4 in the activation of target promoters. However, the variant had never been reported in SNP databases in a homozygous state, and the severity of the pituitary and pulmonary phenotypes were suggestive of the involvement of this new LHX4 variant in the disease. Sobrier et al. reported the case of a boy with a syndromic CPHD due to a compound heterozygosity of LHX3. The boy presented severe respiratory failure after birth, associated with GH and TSH deficiency. Genetic analysis revealed a paternally inherited c.252-3COG change: this variant disrupts an acceptor splice site, which leads to a short protein inducing a dominant negative effect in vitro. The maternally inherited p.C118YLHX3 variant led to a protein with impaired transactivational ability in vitro. Combination of both modified the transactivational activities of LHX3. Further outcome revealed ACTH deficiency, deafness and limited neck rotation, as previously described. The case was thus not atypical in its clinical presentation. Interestingly, the father, who was heterozygous, was presenting mild phenotypic signs, with limited neck rotation, suggesting that a dominant negative effect of c.252-3COGLHX3 was also occurring in the heterozygous state. Finally, this study was also the first to our knowledge in which genetic data allowed a prenatal diagnosis on LHX3 that was performed five years later (14) .
Novel phenotypes

GH deficiency in patients with SOX2 mutations
Over recent years, SRY-box 2 (SOX2) has become a major player in the pituitary stem cells compartment. SOX2 is early expressed in the developing Rathke's pouch and the hypothalamus: more specifically, SOX2 expression is observed around the lumen, in the presumptive zone of pituitary progenitors where it could be involved in their maintenance. SOX2 expression profile could make it a credible candidate for patients carrying pituitary deficiencies, even if its presumed roles in progenitors would suggest that its absence would lead to a very severe phenotype. In 2006, heterozygous SOX2 mutations were reported for the first time in six patients with pituitary deficiencies and pituitary hypoplasia. Surprisingly, the pituitary phenotype was modest with isolated hypogonadotroph hypogonadism. Extra-pituitary phenotype included bilateral microphthalmia, corpus callosum hypoplasia and inconstant intellectual disability (15) . Since then, only one report described a male with a partial GH deficiency and complete luteinizing hormone (LH)/ follicle-stimulating hormone (FSH) deficiency, but normal anterior pituitary on MRI. Extra-pituitary phenotype was consistent with SOX2 mutations and revealed bilateral anophthalmia. The patient was carrying a novel heterozygous deletion of a single cytosine base at position c.905 of SOX2 (p.P302Rfs*69). The protein encoded was lacking the DNA-binding domain, a sufficient evidence to consider that this variant was responsible for the phenotype (16).
Pituitary stalk interruption in patients with CHARGE syndrome CHARGE (Coloboma, Heart defect, Atresia choanae, Retarded growth and development, Genital hypoplasia, Ear anomalies/deafness) is an autosomal dominant syndrome associating to variable degrees coloboma of the eye, heart malformations, atresia of the choanae, genital and ear abnormalities, and delayed growth and development. Chromodomain helicase DNA-binding protein-7 (CHD7) mutations have been associated with this syndrome in about two thirds of cases. Pituitary deficiencies have previously been reported in patients with CHARGE syndrome, mainly with hypogonadotroph hypogonadism, but also with GH or ACTH deficiencies. This phenotype was expected, as CHD7 is expressed during hypothalamicpituitary development, where it interacts with SOX2. Gregory et al. reported for the first time two novel CHD7 variants in patients with CHARGE syndrome and ectopic posterior pituitary: the first patient presented with mild central hypothyroidism, complete GH deficiency, and anterior pituitary hypoplasia associated with ectopic posterior pituitary; this male patient was carrying a heterozygous p.732A CHD7 variant; his mother, although heterozygous for this variant had no feature of CHARGE syndrome nor pituitary deficiency. The second patient was carrying a c. IVS35C6TOC CHD7 variant and GH, TSH, ACTH and LH/FSH deficiencies. MRI revealed the same characteristics as the first patient. The variant was likely responsible for abnormal splicing. It was concluded that patients with CHARGE syndrome should be tested systematically for pituitary deficiencies. In contrast, as no patient with septo-optic dysplasia (SOD) but no CHARGE syndrome was presenting with CHD7 mutations, it seems unnecessary to look for CHD7 mutations in all patients with SOD.
Novel aetiologies involving actors known to be associated with other phenotypes
The eye: a pituitary phenotype associated with PAX6 mutations?
Paired box 6 (PAX6) is a well-known regulator of eye development. PAX6 heterozygous mutations have been reported in patients with a wide range of eye defects. The fact that PAX6 is a regulator of the early differentiation of somatotroph, lactotroph and thyrotroph cells made it a good candidate in patients with eye defects and pituitary deficiency. This has been reported in patients with an unexpected phenotype: five patients from the same large family, with heterozygous PAX6 mutations and eye anomalies, were indeed presenting with isolated partial corticotroph deficiency, but normal GH, PRL and TSH functions (17) . For the first time, Takagi et al. identified PAX6 anomalies in two patients with GH deficiency. The first patient was aged three when he was diagnosed with GH deficiency and bilateral cryptorchidism; MRI showed pituitary hypoplasia and a thin stalk. Genetic analysis identified a heterozygous p.N116S PAX6 variant, which had impaired transactivation capacities in comparison with WT in in vitro studies. Interestingly, the mother, who was carrying the same variant, was safe of pituitary disease, suggesting that penetrance was incomplete (or that pituitary deficiency was due to another aetiology). The authors also reported a second patient with isolated GH deficiency diagnosed at the age of three, and a 310 kb deletion of PAX6 enhancer gene. MRI was normal except for the anterior pituitary, which was hypoplastic (18) .
The gonadotroph axis: the complex pituitary spectrum of patients with PROKR2, FGF8 and FGFR1 variants Recent years have emphasized the roles of the traditionally well known 'hypogonadotroph hypogonadism' genes in patients with CPHD associated or not with SOD. In a large cohort of 103 patients with SOD for instance, Raivio et al. (19) identified 7.8% of aetiologies due to mutations of these genes. Thus these genes cannot anymore be considered as responsible for isolated hypogonadotroph hypogonadism only; moreover, other pituitary deficiencies should be looked for in patients with Kallmann syndrome due to mutations of these genes.
The Prokineticin pathway: PROKR2 variants " Prokinecitin receptor 2 (PROKR2) is a G protein-coupled receptor involved in sexual and olfactory bulb development in mice, and necessary for proper neuronal migration and angiogenesis. Human mutations of PROK2 have been reported in isolated hypogonadotroph hypogonadism. Given the roles of PROK2 and PROKR2 in angiogenesis, it was plausible to consider that mutations of such genes could be observed in patients with PSIS. Our group reported for the first time three heterozygous PROKR2 variants (L173R, R85H, A51T) in patients with GH, TSH and ACTH deficiencies (in some of them); MRI showed PSIS in all patients (20) . Later on, McCabe et al. reported five other PROKR2 variants (p.A51T, p.R85L, p.L173R, and p.R268C, p.G371R) in 11 patients with SOD and congenital hypopituitarism (from isolated GH deficiency to panhypopituitarism). Since then, four novel heterozygous
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Reviewvariants of PROKR2 (R85C, R85G, R248Q and R268C) were reported in patients presenting with a wide range of phenotypes from hypogonadotroph hypogonadism associated with SOD, to panhypopituitarism without SOD; of note, some of the patients had corpus callosum hypoplasia and optic nerve anomalies, and one of these patients also presented with central diabetes insipidus (19, 21) . Interestingly, the majority of these variants had already been reported in patients with isolated hypogonadotroph hypogonadism. Surprisingly, murine models with homozygous inactivation of Prokr2 showed predominantly normal hypothalamo-pituitary development and terminal cell differentiation, except for LH secreting cells (22) . The role of PROKR2 in pituitary development, though highly plausible, remains to date speculative.
The fibroblast growth factor family: FGF8 and FGFR1 variants " Fibroblast growth factor 8 (FGF8) is a member of the ubiquitously expressed FGF family of signalling molecules and its receptors. FGF8 is a major player in the development of GnRH neurons. It is also necessary for proper LHX3 expression. Mutations of FGF8 have been reported in patients with Kallmann syndrome. Four years ago, McCabe et al. reported for the first time FGF8 mutations in two unrelated patients: the first female had holoprosencephaly, microcephaly, absence of corpus callosum, ACTH deficiency, diabetes insipidus shortly after birth and delayed TSH deficiency. The anterior pituitary was hypoplastic on MRI. She was carrying a homozygous p.R189H FGF8 variant. The second was found to have SOD at the age of six, absence of corpus callosum, hypoplastic optic nerves, partial GH deficiency and normal anterior pituitary on MRI: the patient was carrying a heterozygous p.Q216EFGF8 mutation. In mouse, Fgf8 expression was observed in the developing Rathke's pouch. Mouse embryos carrying a hypomorphic allele of Fgf8 presented severe abnormalities of the anterior pituitary during development: decreased size, but surprisingly with defects in the terminal differentiation of LH expressing cells only (23) . The same team then reported a novel FGF8 heterozygous synonymous change (p.T72T) in a patient with GH, TSH and ACTH deficiency, pubertal delay, and a bulky anterior pituitary; despite the synonymous nature of the change, this variant was predicted to alter splicing and ligand signalling activity (19) .
FGF receptor 1 (FGFR1) is a tyrosine kinase receptor belonging to the FGF family. It is the main receptor mediating FGF8 signalling. It is also expressed during Rathke's pouch development. Raivio et al. (19) were the first to describe three FGFR1 variants in patients with SOD and hypogonadotroph hypogonadism: two of these patients had GH deficiency, and one had panhypopituitarism; two had corpus callosum agenesis, whereas the third had microphtalmia. Since then, three novel heterozygous FGFR1 variants (p.R448W, p.S107L and p.P772S) were reported in four unrelated patients with anterior pituitary hypoplasia, ectopic posterior pituitary and pituitary deficiencies from GH and LH/FSH deficiencies to panhypopituitarism (21) . Interestingly, these variants had already been reported in patients with isolated hypogonadotroph hypogonadism suggesting the incomplete penetrance in terms of pituitary phenotype in patients carrying mutations of genes coding for the FGF family.
Holoprosencenphaly-related genes: pituitary deficiencies in patients without holoprosencephaly
Shh-signalling pathway and its targets, GLI zinc-transcription factors, are involved in brain development. SHH, and to a lower extent, GLI2 mutations have been reported in patients with holoprosencephaly, a severe neurological disorder characterized by a failure of midline division of the forebrain. Transforming growth interacting factor (TGIF) mutations have also been reported in 1% of patients with holoprosencephaly (24) . SHH pathway is also involved in the early steps of pituitary development, which made it and its targets good candidates in patients with pituitary deficiencies. The involvement of GLI2 during pituitary development and the phenotype of patients carrying GLI2 variants have been recently reviewed (25) . For some of these variants, pathogenicity remains uncertain. Briefly, the phenotype of patients carrying certain heterozygous GLI2 pathogenic variants usually included at least GH deficiency, anterior pituitary hypoplasia and ectopic posterior pituitary, and postaxial polydactyly (25) . The reasons why some variants could lead to a less or more severe phenotype are currently unknown. To our knowledge, only one heterozygous SHH mutation (c.1279GOA, p.G427R) was reported in a female patient who was presenting with CPHD, anterior pituitary hypoplasia, and no stigmata of holoprosencephaly. The father, who was heterozygous for the same variant, was safe of pituitary disease, confirming the incomplete penetrance. In the same study, the TGIF heterozygous p.Q267X variant was also reported for the first time in a female patient with the same pituitary phenotype and a single central incisor (25) .
Very recently, Bashamboo et al. reported the first heterozygous nonsense mutation in the gene coding for the SHH-signalling protein CDON (cell adhesion associated,
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Reviewoncogene regulated): CDON is a cell surface SHH-binding protein that promotes SHH-signalling activity. The patient was diagnosed with a PSIS, neonatal hypoglycaemia, cholestasis and GH, TSH and ACTH deficiencies. Mutations of CDON had been previously reported in six patients with holoprosencephaly. Interestingly, the mother, who was also carrying the mutation, had been operated on in childhood for strabismus. As this variant was absent from control databases, the authors concluded that it was likely responsible for the phenotype (26) .
Conclusions and perspectives
This review is a brief summary of the major novelties reported in the last 5 years on genetic causes of combined pituitary hormone deficiencies. It clearly demonstrates that much work still needs to be performed: newly involved transcription factors only includes two novel candidates, and whereas two main new types of actors have been identified (immunoglobulin superfamily, ciliary G protein-coupled receptors), the understanding of how they might be involved in hypopituitarism genesis remains poor; this will hamper the identification of other proteins from the same family that might be responsible for pituitary phenotypes. This also likely explains, at least in part, why only 10% of CPHD aetiologies have been identified to date. Based on phenotypes described in the literature and our experience within the 'Genhypopit' network, we defined an algorithm allowing the clinician and the geneticist to look for the most appropriate genes to sequence when a congenital hypopituitarism is diagnosed (27) . Even when such an algorithm is constantly updated, such a strategy is necessarily flawed since recent data suggest that alterations of some genes initially thought to be involved in a specific phenotype can actually lead to a wider range of phenotypes, and that actors that were not even supposed to play a role in pituitary development are actually probably involved.
In recent years, the need for using new methods of aetiological identification was indeed emphasized: the classical candidate gene approach, and the extrapolation from murine models have shown their limits. New mechanisms/actors have all been identified via wholegenome approaches, and these new techniques are likely to further increase the rate of identification of the causes of congenital hypopituitarism. But each technique has its own limits. Array comparative genomic hybridization was developed to identify segmental genomic copy number variations (gain or loss) such as structural rearrangements or complex chromosomal aneuploidies. The main limitations of this technique are the impossibility to detect balanced translocations and the risk of 'over-detection', i.e. detecting large numbers of rearrangements of low or undetermined clinical significance. This risk is similar with whole-exome sequencing: this technique is based on the assumption that 85% of mutations are located in coding regions of the genome. However, reporting new variants in a single patient does not mean pathogenicity of this variant, and requires confirmation by a similar finding in other subjects, presenting with similar phenotypes. Confirmatory steps by bioinformatics analysis based on a usually large dataset of results can thus be highly challenging: it is indeed always difficult to perform the appropriate selection of a reasonable number of potential candidates out of thousands. The proof of pathogenicity is the ultimate challenging step. The American College of Medical Genetics and Genomics Guidelines have recently been published to standardize the strong or weak evidence to identify pathogenic variants (28) . Of note, functional in vitro studies, which were considered the gold standard, are now becoming more and more difficult to perform, in the lack of obvious targets of these new actors. As mentioned in the present review, no precise mechanism could indeed be shown for the majority of newly reported actors in the aetiology of CPHD.
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